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Abstract
In order to study lens–retina relationships during development, we cloned the zebrafish A-crystallin cDNA and its promoter region.
Using a 2.8-kb fragment of the zebrafish A-crystallin promoter (zAcry), we expressed the diphtheria toxin A fragment (DTA) in zebrafish
embryos in a lens-specific manner. Injection of the zAcry-DTA plasmid into eggs at the one-or two-cell stage resulted in the formation
of small eyes, in which both lens and retina were reduced in size. In the DTA-expressing lenses, their fiber structure was disorganized,
indicating that normal lens development had been abrogated. The neural retina also showed abnormal development, although this tissue did
not express DTA. Lamination in the retina did not develop well, and molecular markers for the outer and inner plexiform layers were either
abnormally expressed or absent. However, cell type-specific markers of ganglion and bipolar cells, as well as photoreceptors, were expressed
in appropriate positions, indicating that initial differentiation of these retinal subpopulations occurred in the DTA-expressing embryos. Cell
proliferation also proceeded normally in these embryos, although apoptosis was enhanced. These results suggest that the differentiated lens
plays a critical role in the morphogenetic organization of retinal cells during eye development in zebrafish embryos.
© 2003 Elsevier Science (USA). All rights reserved.
Keywords: Zebrafish; Diphtheria toxin; A-crystallin; Lens; Retina
Introduction
The vertebrate eye is an excellent model for inductive
mechanisms. Classic embryological studies have revealed
multiple tissue interactions during eye development
(Grainger, 1992). Subsequent molecular analyses support
the idea that a series of inductive events generate the lens,
optic cup, and other components of the eye (Ogino and
Yasuda, 2000; Oliver and Gruss, 1997). Eye development is
initiated by lateral evagination of the neuroepithelium of the
ventral diencephalon to form the optic vesicle (Carlson,
1994). Invagination of the distal portion of the optic vesicle
leads to the formation of a two-layered optic cup, which
differentiates into the multilayered neural retina and the
retinal pigmented epithelium (RPE). The presumptive neu-
ral retina of the optic vesicle is in close contact with the
overlying surface ectoderm, which forms the lens. The lens
placode is formed by a thickening of the surface ectoderm
induced by contact with the optic vesicles, and it then
invaginates to form the lens vesicle. This vesicle then de-
taches from the surface epithelium and forms a sphere with
a large central cavity. Lens epithelial cells proliferate and
differentiate into lens fiber cells characterized by their trans-
parency, elongated form, and the production of large quan-
tities of specialized crystallin proteins.
The roles of secreted factors in eye development have
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been studied in various species, and some of these mole-
cules have been implicated in the interactions between eye
modules. Both the lens and retina were shown to express
most of these factors (Jean et al., 1998). It appears that
various growth factors, which are present in the vitreous
body or lens, for example, FGFs, PDGF-A, and IGF-1,
participate in lens development (Coulombre and Coulom-
bre, 1963; McAvoy et al., 1991; Stolen et al., 1997). Sim-
ilarly for retinal development, locally produced factors have
also been implicated in tissue-autonomous development.
The roles of retinal-derived factors have been examined by
local introduction of antibodies, expression of mutant re-
ceptors, and targeted gene disruption (Jean et al., 1998).
Most of these factors promoted specific cell-type decisions
(Cepko et al., 1996; Jean et al., 1998). Although such
knowledge has been accumulated for intrinsic developmen-
tal programs within the lens or within the retina, the mo-
lecular basis of coordinate development of lens, retina, and
other ocular tissues is still not well documented.
The zebrafish is an excellent model vertebrate for anal-
ysis of eye development for many practical reasons as well
as the high degree of genetic and structural organization
with other vertebrates, including mammals (Malicki, 1999).
Indeed, ocular structure and developmental mechanisms
between vertebrates have been remarkably conserved dur-
ing evolution (Oliver and Gruss, 1997). The zebrafish retina
contains the same major categories of cells as mammalian
retinas (Malicki, 1999), and the involvement of common
genes in eye development of zebrafish and other vertebrates
is well documented (Jean et al., 1998; Oliver and Gruss,
1997). Recently, a panel of mutants having abnormalities in
their eyes has been generated, strengthening the value of
this organism for genetic studies (Fadool et al., 1997; Mal-
icki et al., 1996).
This study investigates the role of the lens in the eye
development of the zebrafish. Classic experiments such as
lens removal or transplantation of a second lens showed that
the lens plays important roles in cornea and anterior cham-
ber development (Genis-Galvez, 1966; Stroeva, 1963). Spe-
cifically, removal of the lens in chick embryos resulted in a
disorganized aggregate of mesenchymal cells beneath the
corneal epithelium, and no recognizable corneal endothe-
lium or anterior structures were found in these eyes (Beebe
and Coats, 2000). In addition, organ culture experiments
showed that chick lens was capable of inducing the expres-
sion of markers of the presumptive iris and ciliary body in
the developing mouse neural retina (Thut et al., 2001).
Recently, degeneration of the eyes in blind cave fish was
ascribed to a defect in their lens (Yamamoto and Jeffery,
2000). The present experiments were designed to abrogate
lens growth by expressing the diphtheria toxin A fragment
(DTA) under the control of a lens-specific promoter, the
A-crystallin promoter, and then observe the effect of this
treatment on the development of other eye modules.
A-crystallin is a member of crystallins family and is
expressed specifically in the lens as it appears first in lens
epithelial cells during development. Lens-specific expres-
sion of the A-crystallin gene is regulated primarily at the
transcriptional level (Cvekl and Piatigorsky, 1996). Mouse
and chicken A-crystallin promoter regions were isolated
(Cvekl and Piatigorsky, 1996), and these genes had similar
5-flanking sequences in about 100 base pairs of the prox-
imal promoter region, which contained several common
cis-elements for transcription factors such as Pax6, CREB,
and USF (Cvekl and Piatigorsky, 1996; Ogino and Yasuda,
2000). The promoter of mouse A-crystallin was used as a
tool to express genes in a lens-specific manner (Kaur et al.,
1989). We isolated the zebrafish counterpart of the A-
crystallin gene by using degenerate PCR with primers that
designed on the mouse and human A-crystallin coding
sequences. After confirmation of lens-specific expression of
the zebrafish A-crystallin by in situ hybridization, we
isolated the 5 promoter region of A-crystallin. The lens-
specific expression of this promoter region was confirmed
by fusing enhanced green fluorescent protein (EGFP) to the
construct. We then placed DTA under the control of this
A-crystallin promoter and introduced this transgene into
zebrafish embryos. This manipulation suppressed lens
growth and lens fiber differentiation. Interestingly, retinal
organization was perturbed in the DTA-expressing eyes,




Wild-type zebrafish were purchased from a local pet
shop, bred, and raised for several months in our laboratory.
The fish were fed three times daily and maintained under a
14-h day, 10-h night cycle, as described (Westerfield, 1993).
Monoclonal antibodies zpr-1, zpr-3, zn-5, and zns-2 were
kindly provided by the University of Oregon Monoclonal
Facility. Anti-syntaxin antibody was from Sigma (St. Louis,
MO), anti-phospho Histone H3 was from Upstate (Lake
Placid, NY), and anti Islet-1 antibody (39.4D5) was kindly
sent by the Developmental Studies Hybridoma Bank (The
University of Iowa).
Cloning of A-crystallin zebrafish homologue
A fragment of the A-crystallin coding region was
cloned from zebrafish lens cDNA by PCR using degenerate
primers homologous to frog, mouse, and human A-crys-
tallin protein sequences. One-hundred adult zebrafish eyes
were collected and poly(A) RNA was isolated by using the
FastTrack mRNA isolation kit (Invitrogen, Carlsbad, CA).
cDNA was synthesized by using oligo(dT) primer and su-
perscript II RNaseH reverse transcriptase (Invitrogen).
Several pairs of degenerate primers were synthesized and
PCR was performed. The 5 and 3 side ends of fragments
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were isolated by using 5 and 3 RACE system (Invitrogen)
according to the manufacturer’s instruction.
Cloning of A-crystallin genomic DNA and plasmid
construction
The zebrafish A-crystallin promoter was isolated by
screening a zebrafish genomic library (Clontech, Palo Alto,
CA). One positive clone containing an 8.0-kb fragment,
which covered 4.4 kb of 5 upstream region from ATG start
codon, was isolated. A plasmid containing the A-crystallin
promoter and EGFP coding region (zAcry-EGFP) was
constructed as follows: The NcoI site was created at the
putative translation initiation site, ATG, of the A-crystallin
gene by PCR mutagenesis. Then, three fragments were
prepared and ligated. The zA-crystallin promoter was pre-
pared with blunted NotI and NcoI sites, and the EGFP
coding region followed by a poly(A) site was isolated from
pEGFP-1 plasmid (Clontech) by digestion at NcoI and AflII
sites. The vector portion was obtained from the pEGFP
plasmid (Clontech) by digestion at AflII and blunted HindIII
sites. These three fragments were ligated. A series of dele-
tion mutants from the 5 side of A-crystallin-EGFP was
constructed by removing the upstream region using AccI
(2243 nt), Ecc47III (1590 nt), BglII (944 nt), NdeI
(723 nt), AseI (564 nt), HindIII (485 nt), and PstI
(168 nt). For the 300-nt mutant, a fragment from 300
to 1 (ATG) was amplified by PCR, and EcoRI and NcoI
sites were created at the 5 and 3 ends, respectively. Inter-
nal deletion mutants (723564–485, 723  292–246, 723 
245–218) were constructed by amplifying appropriate frag-
ments by PCR, and at junction of deleted portion, the BglII
site was created. Plasmid containing DTA in bluescript
(pBS-DTA) was kindly provided by Dr. M. Katsuki (Tokyo
University). A fragment containing the DTA coding region
containing a poly(A) site was used to replace the EGFP
coding region and poly(A) portion of zAcry-EGFP at the
NcoI and AflII sites. The resulting plasmid was designated
as zAcry-DTA. A-crystallin promoter 300 fused with
the DTA coding region was constructed by amplifying the
300 promoter fragment by PCR and ligating this with the
DTA coding region. Sequences of PCR products and
blunted end were confirmed by cycle sequencing.
Whole-mount in situ hybridization
Whole-mount in situ hybridization using digoxigenin
(DIG)-labeled RNA probes was performed as follows. The
A-crystallin fragment (nt 245–476) in pCR2.1 (Invitro-
gen), which contains T7 promoter was used as template to
synthesize DIG-labeled A-crystallin antisense RNA
probes by using the DIG RNA labeling kit (Roche Diag-
nostics GmbH, Mannheim, Germany). Chorions were re-
moved from the embryos by using forceps, and embryos
were fixed with 4% paraformaldehyde–PBS and stored in
methanol at 20°C. Rehydrated embryos were prehybrid-
ized with 50% formamide, 5 SSC, 5 mM EDTA, 0.1%
Chaps, 50 g/ml heparin, and 1 mg/ml torula RNA (Sigma,
St. Louis, MO) for 3 h at 65°C followed by overnight
hybridization with DIG-labeled RNA. DIG-labeled sense
RNA was used as a control. After washing, embryos were
incubated with 2% blocking reagent (Roche Diagnostics
GmbH), 5% lamb serum, 0.1 M maleic acid, pH 7.5, 150
mM NaCl, followed by incubation with anti-DIG-Alkaline
phosphatase (AP, Roche Diagnostics GmbH), 1:5000 in
blocking solution. After extensive washing, samples are
visualized by incubating with NBT/BCIP AP substrate so-
lution (Roche Diagnostics GmbH) in 0.1 M Tris–HCl, pH
9.5, 0.1 M NaCl, 50 mM MgCl2, 0.1% Tween 20, 5 mM
levamisol. Photographs were taken by using a fluorescent
dissection microscope, a Leica MZFL III (Leica, Wien,
Austria).
Microinjection of plasmids into zebrafish embryos
For microinjection, linearized plasmids were prepared
and resuspended in H2O at a final concentration of 100
g/ml. Phenol red (0.05%) was included in the DNA prep-
aration as a microinjection control. Fertilized eggs from
wild-type zebrafish at the one- or two-cell stage were in-
jected with approximately 3.5 nl of DNA solution by using
a microinjector (IM-300; Narishige, Tokyo, Japan). The
microinjected embryos were examined under a fluorescence
dissection microscope (MZFLIII; Leica, Wien, Austria)
RT-PCR
Fertilized eggs were injected with zAcry-EGFP at the
one- or two-cell stage. At 48 h postfertilization (hpf), the
EGFP-expressing embryos (about 90% of the total number
of injected embryos) were collected and divided into two
groups. For group 1, the lenses were surgically removed
with tungsten needles. Complete loss of the lens was con-
firmed by the loss of EGFP fluorescence. Embryos were
then decapitated, and heads were collected from more than
70 embryos of each group, lens-removed and lens-retained.
mRNA was isolated by using an Invitrogen Micro-Fast
Track 2.0 kit (Invitrogen), and cDNA was synthesized by
using oligo(dT) 12–18 and Superscript II (GIBCO BRL,
Rockville, MD). PCR was conducted at 94°C for 30 s, 64°C
for 30 s, and 72°C for 1 min for 20 or 25, or 30 cycles with
primers designed to detect EGFP, i.e., 5-GAGCAAGGGC-
GAGGAGCTGTT (5 side) and 5-TCACGAACTCCAG-
CAGGACCAT (3 side).
Light and electron microscopies
Embryos of appropriate stages were dechorionated and
fixed in a solution containing 1% glutaraldehyde, 2% form-
aldehyde, and 0.1 M sodium phosphate (pH 7.4) for 2 h at
room temperature or overnight at 4°C. The samples were
then postfixed in 1% osmium tetraoxide in the same buffer
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for 1 h on ice. After having been extensively washed in
water, the fixed embryos were stained en block in 0.5%
uranyl acetate aqueous solution for 30–45 min on ice. The
samples were then dehydrated in a graded series of ethanol
and embedded in Epon 812 resin mixture (TAAB Labora-
tories Equipment Ltd., Berks, England). The block was cut
into 0.7-m thick, semithin sections on a Reichert Ultracut
S ultramicrotome (Leica, Wien, Austria), and the sections
were stained with toluidine blue and observed under a Zeiss
axioplan microscope (Carl Zeiss, Jeha, Germany). Ultrathin
sections were made by using the same ultramicrotome,
stained with uranyl acetate and lead citrate, and examined
under an electron microscope (JEOL 1200EX, Tokyo, Ja-
pan).
Immunohistochemistry
Immunostaining of frozen sectioned embryos was done
as follows: Embryos were fixed in 4% paraformaldehyde
(PFA) overnight at 4°C and then incubated in 10% sucrose
in PBS for 5 h at 4°C. Next, the samples were transferred to
20% sucrose in PBS, incubated overnight at 4°C, frozen in
OCT (Tissue-Tek, Tokyo, Japan), and sectioned at a 10-m
thickness with a cryomicrotome (Tissue-Tek). In some
cases, untreated samples were frozen-sectioned and then
fixed with 4% PFA for 30 min at room temperature. After
the sections had been washed and blocked with 2% BSA in
PBS for 1 h, they were incubated with the first antibody in
blocking solution overnight at 4°C. Samples were visual-
ized by using anti-mouse IgG-Alexa Fluor 488 (Molecular
Probes, Eugene, OR) or Vectastain Elite ABC mouse IgG
kit (Vector Laboratories, Inc., Burlingame, CA) and 3,3-
diaminobenzidine, tetrahydrochloride (DAB; Wako, Osaka,
Japan) according to the manufacturer’s instructions. Stained
samples were examined under a Zeiss Axioplan micro-
scope. Images were processed using ADOBE Photoshop
(Adobe Systems, Mountain View, CA).
Bromodeoxyuridine (BrdU) labeling
To identify mitotic cells, we conducted BrdU labeling as
described (Link et al., 2000). Briefly, DNA incorporation
mix (10 mM 5-bromo-2-deoxyuridine, 1 mM fluorode-
oxyuridine, 0.05% phenol red) was injected into the yolk of
anesthetized embryos. After various incubation times at
28.5°C, the embryos were fixed with 4% PFA in PBS at 4°C
overnight. They were then embedded in OCT compound
and frozen sectioned at 10 m. Dried sections were treated
with 2 N HCl at room temperature, then incubated in block-
ing solution (2% BSA in PBS) for 1 h at room temperature.
They were then incubated with monoclonal rat anti-BrdU
antibody (Harlan Sera Labs, Loughborough, England; di-
luted 1:200) at 4°C overnight. After washing with PBS, the
embryos were incubated with Cy3-conjugated donkey anti-
rat IgG antibody (Jackson Immuno Research, West Grove,
PA; 1:200 dilution) for 2–3 h at room temperature.
In situ TUNEL analysis
Embryos were anesthetized and embedded in OCT com-
pound. Frozen sections (10 m) were fixed with 4% PFA
and incubated in 0.3% H2O2 to block endogenous peroxi-
dase activity. In situ TUNEL analysis was done with a
Takara in situ apoptosis detection kit (Takara Biomedicals,
Shiga, Japan) according to the manufacturer’s instructions.
Results
Cloning of zebrafish homologue of A-crystallin and
characterization of lens-specific expression
To isolate a zebrafish homologue of the A-crystallin
gene, we used several pairs of degenerate PCR primers
designed from A-crystallin sequences of frog, mouse, and
human. One isolated fragment had homology with A-
crystallin of other species and corresponded to nucleotides
389–540 of mouse A-crystallin cDNA. Both terminal
fragments were cloned by 5 RACE and 3 RACE, and
whole sequence of A-crystallin from zebrafish was ob-
tained. We next analyzed the expression pattern of A-
crystallin in zebrafish by whole-mount in situ hybridization.
Zebrafish embryos at various times of development were
used, and specific signals became visible at approximately
25 hpf and were observed until 72 hpf. We next examined
in more detail the expression pattern of A-crystallin by in
situ hybridization using sections of frozen embryos. As
shown in Fig. 1, positive signals of DIG-labeled A-crys-
tallin probe were observed in lens fiber cells. Although it
was difficult to conclude whether the epithelial cells ex-
pressed A-crystallin or not, intensity of signals with epi-
thelial cells was weaker than that of fiber cells.
Fig. 1. Lens-specific expression of zebrafish A-crystallin mRNA. Whole-
mount in situ of zebrafish embryo (29 hpf) was done by using DIG-labeled
fragment of zebrafish A-crystallin (left panel). Hybridization with control
sense probe resulted in no signal (data not shown). In situ hybridization of
frozen sectioned zebrafish embryos (right panel). Embryos were fixed by
PFA and frozen in OCT. Sections were 10 M thick, and hybridized with
DIG labeled fragments. Scale, 50 M.
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Lens-specific expression of EGFP driven by the zebrafish
A-crystallin gene promoter
We next cloned the 5-promoter region of the zebrafish
A-crystallin gene by screening of a zebrafish genomic
library. We fused the 2.8-kb portion of the promoter with
the coding region of enhanced green fluorescent protein
(zAcry-EGFP) and injected the resulting plasmid into one-
or two-cell-stage zebrafish embryos. After 28 hpf, EGFP
expression became obvious in the lens of live embryos.
Similar to results obtained with in situ hybridization, no
EGFP expression was observed in other tissues under a
fluorescence dissection microscope (Fig. 2A, left panel).
We further examined the lens-specific expression of this
construct by use of frozen sections of zAcry-EGFP-in-
jected embryos. As shown in Fig. 2A (right panel), EGFP
expression was clearly detected in the lens, but no other
components of the eye showed fluorescence. To check for
possible low-level expression of the promoter in other com-
ponents of the eye, we examined mRNA expression of
EGFP by RT-PCR. Embryos were injected with zAcry-
EGFP at the one- or two-cell stage, and at 48 hpf, EGFP-
expressing embryos were dissected into two groups: whole
heads with lenses or whole heads without lenses. From each
group, mRNA was isolated and subjected to RT-PCR using
primers to detect EGFP. As shown in Fig. 2B, an EGFP-
specific band was observed by 20 cycles of PCR in the
heads with lenses derived from EGFP-expressing embryos,
and the band intensity increased drastically when 25 cycles
of PCR had been performed. In contrast, no band was
observed in the lens-removed heads, even after 25 cycles of
PCR, which confirmed that the expression of EGFP was
restricted to the lens. In situ mRNA hybridization analysis
showed that the zebrafish A-crystallin transgene started to
be expressed at around 25 hpf, and EGFP could be observed
after 28 hpf (data not shown). From these data, we con-
cluded that the cloned A-crystallin promoter was sufficient
to regulate the lens-specific expression of downstream
transgenes.
Region required for A-crystallin promoter expression in
lens
Alignment of zebrafish, chick, and mouse A-crystallin
promoters identified similarity between these sequences
with clusters of highly conserved regions. As shown in Fig.
2C, several putative transcription factor binding sites were
identified in these conserved sites. Physical interactions and
biological significance for some of these binding sites have
been confirmed through previous work (Cvekl and Piatig-
orsky, 1996; Ilagan et al., 1999). To analyze regions re-
quired for lens-specific expression of A-crystallin pro-
moter, we made a series of deletion constructs from the 5
end of the A-crystallin promoter fused with EGFP (Fig.
2D). Plasmids were injected into newly fertilized eggs, and
EGFP expression was examined by fluorescent microscopy.
For each construct, injections were done at least three times
and all embryos that were injected were scored (greater than
100 for each experiment). Constructs were judged as minus
(no lens showed EGFP fluorescence) or positive (greater
than 60% of the lenses were EGFP-positive). As summa-
rized in Fig. 2D, deletion up to nucleotide 564 did not
affect expression of EGFP. However, further deletions to
nucleotide 485 abrogated expression of EGFP. An essen-
tial role of the region between 564 and 485 in zebrafish
was confirmed by the internal deletion construct (723564–
485). Interestingly, the homologous region in chick and
mouse, which only has weak similarity with these species,
Fig. 2. Zebrafish A-crystallin promoter expressed EGFP lens-specific
manner. (A) zAcry-EGFP plasmid was injected into zebrafish eggs at the
one- or two-cell stage, and lateral viewes under a dissection microscope are
shown (left panel). An upper panel shows a view of a live embryo at 54
hpf, and a lower panel shows EGFP fluorescence image. Central transverse
frozen sections were examined, and Normarsky image (right upper panel)
and EGFP fluorescence (right lower panel) are shown. “le” indicates lens.
Scale, 50 M. (B) RT-PCR pattern of EGFP. EGFP-expressing embryos
were collected and divided into two groups. For one group, the lenses were
surgically removed; and for the other group, they were kept intact. Em-
bryos were then decapitated, their heads were collected (more than 70
embryos for each group), and mRNA was prepared. RT-PCR of EGFP was
done and visualized by agarose gel electrophoresis. (C) Alignment of the
proximal 5 region of zebrafish, chick, and mouse A-crystallin gene.
Conserved nucleotides were hatched, and cis-elements reported in chick
(under the sequence) and mouse (above the sequence) are indicated (Cvekl
and Piatigorsky, 1996; Ilagan et al., 1999). (D) Summary of results of a
series of deletion mutants from the 5 side of zebrafish A-crystallin. A
series of deletion mutants of A-crystallin promoter-EGFP was injected
fertilized eggs at the one- or two-cell stage. The microinjected embryos
were examined under a fluorescence dissection microscope. Square and
circle indicate highly conserved regions. With chick and mouse promoters,
it was reported that transcription factor binding sites were clustered in these
region.
117R. Kurita et al. / Developmental Biology 255 (2003) 113–127
Fig. 2 (continued)
118 R. Kurita et al. / Developmental Biology 255 (2003) 113–127
was not essential for chick and mouse A-crystallin expres-
sion. To eliminate a possibility that the region between nt
485 and 300 acts as an inhibitory sequence, we further
deleted sequence up to nt 300, but this manipulation did
not rescue EGFP expression. Lastly, to examine the require-
ment of homologous regions for lens-specific expression of
zebrafish A-crystallin, we constructed additional internal
deletion mutants of A-crystallin EGFP. Deletion of either
292 to 246, or 245 to 218 regions resulted in com-
plete loss of EGFP expression in the zebrafish embryos.
This indicates the significance of these regions for lens-
specific expression of A-crystallin gene.
Targeted expression of DTA in lens by use of the
zebrafish A-crystallin promoter
Using this A-crystallin promoter, we attempted to ex-
press the diphtheria toxin A fragment (DTA) in the lens in
order to investigate cell- and tissue-autonomy questions
during eye development. The DTA gene encodes adenosine
diphosphate (ADP) ribosyltransferase, the enzyme that cat-
alyzes the ADP-ribosylation of elongation factor 2, and its
action results in the inhibition of protein synthesis and
subsequent cell death (Pappenheimer, 1977). DTA can pen-
etrate into cells only when diphtheria toxin B fragment
coexists (Pappenheimer, 1977). Thus, the expression of the
DTA fragment affects only the cells expressing DTA, and
does not penetrate neighboring cells (Pappenheimer, 1977).
We constructed a plasmid containing the DTA coding re-
gion under the control of the 2.8-kb zebrafish A-crystallin
promoter (zAcry-DTA). zAcry-DTA was injected into
zebrafish embryos at the one- or two-cell stage. At 54 hpf
after the injection, the eyes of injected embryos were ap-
parently smaller than those of the control ones (Fig. 3A and
B). Lens-exclusive expression of DTA was confirmed by
whole-mount in situ hybridization analysis of DTA mRNA
(data not shown). Furthermore, we tested the possibility that
very weak spurious expression of DTA in the retina through
Pax6 binding site. To clarify this point, we expressed DTA
by using a 300 variant of the A-crystallin promoter,
which does not give EGFP expression in lens but contains a
Pax6 binding site. We injected the 300-DTA into fertil-
ized zebrafish eggs at the one- or two-cell stage. We then
examined the injected zebrafish embryos at 36 hpf and
found that most of the embryos had normal eyes. The
incidence of abnormality was 5.6% (6 embryos out of 107
embryos, from 3 experiments), and this value was compa-
rable with control experiments and, importantly, far less
than that of A-crystallin (2782)-DTA (more than 40%).
In addition, the abnormal eyes from the 300-DTA con-
struct were smaller, but disruption of morphology was less
serious than that observed with A-crystallin (2782)-
Fig. 2 (continued)
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DTA-injected embryos. These data suggest that inclusion of
a pax6 binding site is not sufficient to cause the morpho-
logical disruptions we observed in the retina when using the
A-crystallin promoter to drive expression in the lens.
We then analyzed the morphology of DTA-expressing
eyes in semithin sections under a light microscope. Lenses
of these eyes were approximately 25% smaller than the
control lenses at 54 hpf (Fig. 3B). The retinas of transgenic
eyes were also reduced in size, being about 30% smaller in
both vertical and horizontal axes. Strikingly, the morphol-
ogy of experimental retinas were dramatically different
from that of control retinas. In control retinas, the ganglion,
inner, and outer nuclear layers developed normally (Fig.
3C). In contrast, layered organization was absent in DTA-
expressing embryos (Fig. 3D). Furthermore, individual cell
morphology was adversely affected as photoreceptors in the
outer nuclear layer did not show elongated shape. The
DTA-expressing eyes were pigmented, but an abnormal gap
was observed between the lens epithelium and fiber body.
Electron microscopic examination of DTA-expressing eyes
In order to examine the eye structure in more detail, we
investigated control and DTA-expressing eyes at 54 hpf by
electron microscopy. Control lenses showed typical arrays
of primary and secondary lens fibers (Fig. 4A). In the
DTA-expressing lenses, fibers did not elongate normally,
and the spatial arrangement was severely disorganized, sug-
gesting that the normal maturation of lens fibers was ar-
rested in DTA-expressing lens. In contrast, lens epithelial
cells in the zAcry-DTA-injected embryos appeared nor-
mal, except for the occasional irregular space between the
lens epithelium and lens fiber body (Fig. 4A and B).
In the normal neural retina, nuclei acquired specialized
morphological features in a layer-specific manner (Fig. 4C
and E). Some nuclei became elongated, and others were
Fig. 3. Morphological characterization of the zAcry-DTA-expressed em-
bryo. Views of live wild-type (A) and DTA-expressing (B) embryos at 54
hpf. Toluidine blue-stained sections through control (C) and DTA-express-
ing (D) eyes at 54 hpf. The three nuclear cell layers, retinal ganglion layer
(G), inner nuclear layer (I), and outer nuclear layer (O), are visible in the
wild-type retina. No layers are apparent in DTA-expressing retina, and
apoptotic cells are indicated by arrowheads (D). Scale bars, 20 m.
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rounded (Fig. 4C). In addition, the plexiform layers con-
tained many cellular processes (Fig. 4C and E, *). On the
contrary, nuclei in the zAcry-DTA-injected retina showed
no differentiated features (Fig. 4D and F). Bundles of cell
processes were rarely seen in the DTA-expressing eye (Fig.
4D, arrow). Apoptotic cells were occasionally observed in
Fig. 5. Immunohistochemical analysis of the sectioned zebrafish embryo eye with various retinal differentiation markers. (A, B) Retinal ganglion cells, stained
with anti-neurolin (DM-GRASP) antibody (zn-5). (C, D) Retinal ganglion cells, inner nuclear layer, stained with anti-Islet 1. (E, F) Inner nuclear layer and
outer plexiform layer, stained with Zns-2. (G, H) Amacrine and horizontal cells, stained with anti-syntaxin antibody. (I, J) Cone cell stained with Zpr-1. (K,
L) Rod cells, stained with Zpr-3. Zebrafish eggs were injected with zA-crystallin-DTA or control plasmid and central, transverse frozen sections were made
at 48 (A, B, E, F), 54 (C, D, G, H), 72 (I, J), or 96 (K, L) h after fertilization. Immunohistochemistry was done, and staining was visualized by use of an
ABC kit (A, B, E, F, I, J) or alexa 488 (C, D, G, H, K, L). Scale bars, 50 m.
Fig. 4. Electron microscopic analysis of the eye of zAcry-DTA-expressing embryo. Electron micrographs of eyes of control (A, C, E, G, I) and
zAcry-DTA-injected (B, D, F, H, J) zebrafish embryos at 54 hpf (A–F) and 72 hpf (G–J). (A, B) Cornea and lens at 54 hpf. Morphology of the cornea and
lens epithelial cells is essentially the same between control (A) and zAcry-DTA-injected (B) embryos. Many thin lens fiber cells are seen in the control eye
(A), and thick cells with a large round nucleus are seen in the zAcry-DTA-injected (B) embryos. (C, D) Interface between the lens (L) and the retina. Bundles
of many cell processes (arrows) are seen in the innermost layer of the control retina at 54 hpf. At the bottom of the photograph (* in C), a continuous layer
of cell processes is seen. In the retina of the zAcry-DTA-injected animals (D), cell processes do not form continuous layers and some are seen within small
areas (* in D) between cell nuclei. (E, F) Outermost area of the retina. A layer of regularly arranged columnar nuclei is separated by a layer of cell processes
(*) from the inner cell nuclei in the control (E). No regular arrangement of the nuclei can be seen the eye of the zAcry-DTA-injected embryos (F). Retinal
pigment epithelial cells of both the zAcry-DTA-injected (F) and the control (E) embryo contain pigment granules. (G, H) Tip of the eye cup at 72 hpf.
Pigmented cells at the tip of the eye cup expand toward the lens in both control (G) and the zAcry-DTA-injected (H) embryos. (I, J) Outermost area of the
retina at 72 hpf. Photoreceptor outer segments are observed in the control embryos (I). In contrast, outer segment-like structures were seen only occasionally
in the zAcry-DTA-injected embryos (J). Outer segments (I) or outer segment-like structure (J) are indicated by arrowheads. Scale, 2 M.
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the retina of the DTA-injected embryos (Fig. 4F); and these
cells were usually scattered throughout the retina, although
clusters were occasionally observed near the ciliary margin.
Apoptotic cells were rarely seen in the control eyes. In the
RPE, pigment granules had formed in both the control and
zAcry-DTA-injected embryos, and no structural differ-
ences were detectable between them (Fig. 4E and F). This
finding suggests that the differentiation of the RPE cells was
not affected by the DTA expression in the lens. We then
analyzed control and DTA-expressing eyes at 72 hpf by
electron microscopy. The lenses of zAcry-DTA-injected
embryos were still smaller than those from control embryos,
but they did retain a spherical shape (data not shown).
Cytoarchitecture was irregular, but fiber-like structures
were found in a small portion of zAcry-DTA-expressing
lenses. In control embryos, the anterior segment had started
to elongate from the edge of the eye cup, but had not yet
fully differentiated (Fig. 4G). Similarly, in zAcry-DTA-
injected embryos, the anterior segment had initiated differ-
entiation, and there were no observed differences between
control and DTA embryos (Fig. 4H). In contrast to the
anterior segment, differences were noted in the outer retina.
In controls, photoreceptor outer segments had begun to
develop (Fig. 4I), but only a rudimentary outer segment-like
structure was seen in a small portion in zAcry-DTA-
injected embryos (Fig. 4J). The majority of DTA retinas
showed no photoreceptor outer segments.
Differentiation of major retinal cell types occurs, but final
morphological differentiation is inhibited, in DTA-
expressing embryos
We examined retinal cell differentiation by use of cell-
type-specific markers in normal and DTA-expressing em-
bryos at defined stages. We first used mAb zn-5, which
recognizes neurolin (Fashena and Westerfield, 1999;
Trevarrow et al., 1990) in ganglion cell processes (Fig. 5A
and B). In control embryos, zn-5 immunoreactivity ema-
nated from the innermost layer of the DTA-expressing ret-
ina (Fig. 5A and B). The pattern of the zn-5 expression,
however, was different in experimental eyes. In the controls,
the signals came from two separate layers, but in the DTA-
expressing samples, these layers appeared to have fused.
These results suggest that early differentiation of ganglion
cells was accomplished but that their morphological differ-
entiation did not properly occur.
We then analyzed the expression of Islet-1, which is
known to be expressed in the ganglion layer, and also in
some cells of the inner nuclear layer (INL), including bipo-
lar and horizontal cells (Korzh et al., 1993) (Fig. 5C). In the
control retina, all of the nuclei in the ganglion layer were
stained. In addition, a single layer of nuclei at the inner edge
of the INL had positive signals. The outer half of the INL
also showed immunoreactivity as a band three to four cells
thick, probably from bipolar cell nuclei. At the outer edge of
the INL, a monolayer of cell nuclei, which expanded later-
ally, were stained (Fig. 5C). In DTA-expressing embryos,
although a similar staining pattern was observed in the inner
third of the retina, there was no regular arrangement of
positive cell nuclei in the outer two-thirds of the retina (Fig.
5D).
We next used mAb zns-2 as a marker of the inner and
outer plexiform layers (Fig. 5E and F) (Trevarrow et al.,
1990). As shown in Fig. 5E, zns-2 stained two layers, which
correspond to INL and OPL, in the control embryos. In
DTA-expressing embryos, the entire portion of the retina
was stained with zns-2, further confirming the disorganiza-
tion of the INL as well as the OPL. We also examined the
expression of syntaxin, a synaptic protein reported to rec-
ognize amacrine and horizontal cells in the neural retina
(Fig. 5G and H) (Alexiades and Cepko, 1997). In control
embryos, intense signals of syntaxin were detected in the
IPL, with additional weak signals scattered on both sides of
the IPL (Fig. 5G). The OPL, where dendritic processes of
horizontal cells are located, was weakly stained. In contrast,
in DTA-expressing embryos, only a faint band was ob-
served in the region corresponding to the location of the
INL (Fig. 5H). No signal was observed in the region cor-
responding to the OPL.
We finally examined the differentiation of photoreceptor
cells. Zpr-1 and zpr-3 recognize cone and rod cells, respec-
tively. When we stained control embryos with zpr-1, im-
munoreactive products were observed in a layer adjacent to
the RPE (Fig. 5I). In the zAcry-DTA-expressing embryos,
zpr-1-positive signals were also observed, but the signals
were discontinuous and patchy (Fig. 5J), suggesting that at
least some cone cells had initiated differentiation. Zpr-3
antibody recognizes rhodopsin expressed in these cells (Fig.
5K and L). In control embryos, strong staining with zpr-3
was observed at the outer most layer in the retina (Fig. 5K).
In DTA-expressing embryos, only weak signals were ob-
served (Fig. 5L). These results suggest that, similar to
cones, at least some rod cells initiated differentiation.
The lens maturation of young mutant is abnormal
It is interesting to note that a similar abnormal develop-
ment was observed in the retina of the young mutant of
zebrafish (Link et al., 2000). In this mutant, the initial
specification of all the major retinal cells occurred, but their
final differentiation and maturation were blocked. We ex-
amined lens development in the young mutant by light
microscopic analysis. As shown in Fig. 6A and B, at 34 hpf,
the shape of lens cells of young mutant was distorted and
cell–cell contact was loose. In contrast, lens cells of control
embryos were arranged concentrically. At 48 hpf, both
young and control lens cells had started to elongate. How-
ever, only the normal process of central nuclei disassembly
occurred in wild type embryos. In young lenses, nuclei
remained in central cells (Fig. 6C and D). At 60 hpf, control
lens fiber cell elongation continued and cell density in-
creased. In contrast, the young lens showed a similar mor-
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phology to that of 48-hpf embryos (Fig. 6C–F). These
results suggest that the developmental abnormalities of
young lenses parallel those of DTA-expressing lenses.
The pattern of the cell cycle is not altered in the DTA-
expressing embryo
We next analyzed the cell proliferation pattern in the
retina by injecting BrdU into the yolk at several develop-
mental stages. Control and DTA-expressing embryos were
injected with BrdU at 24 hpf and harvested at 36 hpf.
Central and transverse sections of lens and retina are shown
in Fig. 7A and B. In control embryos, strong signals were
observed throughout the retina (Fig. 7A). In zAcry-DTA-
injected embryos, although their retinas were smaller than
control retinas, the pattern of BrdU-incorporation was in-
distinguishable from the controls (Fig. 7A and B). When we
examined embryos at later stages (injection at 36 hpf, har-
vesting at 48 hpf), BrdU incorporation became restricted to
the outer half of the retina as shown in control embryos (Fig.
7C and D). Again, the pattern of incorporation of BrdU in
the DTA-expressing embryos was quite similar to controls
(Fig. 7A–D). We reduced the duration of labeling to 2 h and
obtained similar results (data not shown). From these data,
we conclude that the pattern of cell cycle withdrawal was
not altered in the zAcry-DTA-injected embryos. To exam-
ine the cell cycle progression more directly, we analyzed the
proportion of cells in M phase by anti-phospho Histone H3
antibody. As shown in Fig. 7E (control) and F (zAcry-
DTA-expressed embryos), Histone H3-positive cells were
observed at the apical margin of neural retina in both cases.
Numbers of positive cells per one section are 10.1 2.5 and
9.9  3.1 in control and DTA-expressed embryos, respec-
tively. Positive cells were also observed in the brain, and
pattern and number of these cells were not significantly
different between control and DTA-expressing embryos.
Since the cell proliferation pattern showed no difference
from the control, we next asked whether apoptosis was
enhanced or not in the zAcry-DTA-injected embryos.
Abnormal apoptotic cells are observed in DTA-expressing
embryos
Embryos injected with zAcry-DTA or control plasmids
were cryosectioned and subjected to the in situ TUNEL
assay analysis to detect apoptotic cells. In control embryos,
few apoptotic cells were observed at either 36 or 54 hpf
(Fig. 8A and C). In contrast, in zAcry-DTA-injected em-
bryos at 36 hpf, a time when no morphological defects could
be detected, increased apoptosis was observed in the retina
(Fig. 8B). At 54 hpf, many apoptotic cells were observed in
both lens and retina of the DTA-expressing embryos (Fig.
8D). In the retina, a group of apoptotic cells were localized
in a layer near the border with the RPE. Tissues other than
retina, such as brain, had no visible signal, which suggested
that apoptotic cells are observed exclusively in retina (Fig.
8E and F).
Discussion
In this study, we used lens-specific expression of DTA to
block lens development in zebrafish. We started this work
by cloning of zebrafish A-crystallin coding sequence and
promoter. The isolated A-crystallin promoter contains sig-
nificant similarity with chick and mouse A-crystallin pro-
moters with putative binding sites for CREB/CREM, pax6,
AP-1, USF, and L-maf (Cvekl and Piatigorsky, 1996). Pre-
vious studies of the regulatory mechanisms of chick and
mouse crystallin genes in cultured cells (Okazaki et al.,
1985; Roth et al., 1991) and transgenic mice (Goring et al.,
1987) provided evidence that these transcription factors
coordinately promote lens-specific expression of A-crys-
tallin. In the current study, we found that deletion of regions
containing these binding sites abrogated the expression of
A-crystallin-EGFP, confirming the importance of these
motifs in zebrafish. Despite similarities in modular se-
quence, these regulatory elements were differentially placed
in mouse, chick (Ilagan et al., 1999), and zebrafish promot-
ers. Consequently, different length of promoter regions of
chick, mouse, and zebrafish A-crystallin were required for
lens-specific expression. In addition to homologous regions,
a requirement for 80 nucleotides of upstream region was
revealed in zebrafish. By sequence examination, we could
not define any typical putative transcription factor binding
site within this region, but further experiments using bio-
chemical approaches are in progress.
Using this promoter, we inhibited lens development cells
by expression of DTA. Unexpectedly, the lens cells were
not ablated by DTA expression; rather, they survived, al-
though their growth was retarded and fiber organization was
disrupted.
These experiments where lens maturation was sup-
pressed by DTA resulted in impaired development of the
neural retina. This tissue failed to organize the characteristic
layered structure, and its growth was retarded. To ensure
that the retinal phenotype was due to lack of lens differen-
tiation and not due to spurious DTA expression in the retina,
we carefully checked whether the A-crystallin promoter-
driven expression of genes occurred only in the lens. We
could not detect any expression of the transgenes in non-
lens tissues within the eye. It is also important to stress that
DTA affects only cells that express this molecule; i.e., its
toxic effects are never manifested in neighboring tissues
(Pappenheimer, 1977). Preceding obvious morphological
defects in the retina, apoptosis was significantly increased.
Interestingly, however, cell specification took place for ma-
jor cell types composing the retina. Thus, in these retinas,
early differentiation of cells occurred, but the cells could not
proceed to morphological organization. As this aberrant
development of the neural retina occurred under the arrest
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of lens growth, we suggest that the normal growth of the
lens is required for the morphological differentiation of the
neural retina.
One possible mechanism for this interaction is that lens
cells secrete soluble factor(s) to initiate or maintain the final
differentiation of retinal cells, and that this process was
blocked by the DTA expression in the lens. There are
several reports regarding soluble factors expressed in lens,
such as FGF, PDGF, and IGF-1, but their biological roles
were mostly in lens development itself (Hyatt and Beebe,
1993; Reneker and Overbeek, 1996; Robinson et al., 1995).
Our results do not preclude the possibility that the lens is
essential for the development of only specific cell types in
the retina and that these cells could be essential for the
organization of other retinal cells. A subpopulation of cells,
particularly those located near the border of the RPE,
showed apoptosis, and these cells might be key organizers
for the entire neural retina. We found that the lens of the
young mutant of zebrafish (Link et al., 2000) did not de-
velop normally. In this mutant, the initial specification of all
the major retinal cells occurred, but their final differentia-
tion and maturation were blocked. Morphologically, no
layer structure was observed in this mutant retina. This
phenotype is quite similar to the one observed with our
DTA-expressing zebrafish embryos. The young mutant re-
vealed abnormal positioning of Mu¨ller cells and cone pho-
toreceptors, but that of other cells was relatively normal.
Although mosaic analysis demonstrated that the young mu-
Fig. 6. The lens development of young mutant. The morphology of lens of young mutant and controls at 34, 48, and 60 hpf were analyzed under light
microscopy. Toluidine blue-stained sections through control (left panels) and young mutant (right panels) eyes at 34 (A, B), 48 (C, D), and 60 (E, F) hpf are
shown.
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tation acted non-cell-autonomously on the retina, we could
not conclude whether the lens causes the defect of the young
mutant or not. However, the mutant phenotype is consistent
with our hypothesis of the essential role of normal devel-
opment of lens for retinal development. In the zebrafish
glass onion (glo) mutant, the majority of retinal cell classes
were present, but retinal lamination was severely inhibited
(Malicki et al., 1996; Pujic and Malicki, 2001). Another
interesting mutant of zebrafish, mosaic eyes (moe), also
showed disruption of the retinal laminar structure (Jensen et
al., 2001). Interestingly, in moe eyes, cell-type specification
occurred, as examined by cell-type-specific antibodies and
RNA probes, but the positions of these cells were abnormal.
Lasted, the arrested lens development (arl) mutant, showed
aberrant photoreceptor development and positioning (Vih-
telic et al., 2001). It is intriguing and important to determine
the phenotypic relationships between these mutants and our
DTA-expressing animals in future studies. Previous reports
of transgenic mice expressing the mouse or hamster A-
crystallin promoter-driven DTA showed a marked reduction
in eye size, total absence of lens (Harrington et al., 1991;
Kaur et al., 1989). These are in contrast with our A-
crystallin-DTA-expressing zebrafish lens which sustained
spherical structure. Although necrotic cells were observed
with A-crystallin-DTA transgenic mice at days 12 and 13
(Harrington et al., 1991), neither necrosis nor apoptosis was
observed in A-crystallin-DTA zebrafish embryos. One of
mice strains (line 3) was a genetic mosaic and showed very
small lens, which were distorted and vacuolated (Kaur et al.,
1989). For these mice, the authors suggested that remaining
normal lens cells were unable to compensate fully for the
Fig. 7. Cell cycle progression of zAcry-DTA-expressing embryos exam-
ined by analyzing the incorporation of BrdU and anti Histone H3 antibody.
BrdU was injected into the yolk of control (A, C) and zAcry-DTA-
expressing (B, D) embryos at 26 (A, B) or 36 (C, D) hpf, and the embryos
were harvested at 36 (A, B) or 48 (C, D) hpf. Incorporated BrdU was
visualized with Cy3-conjugated second antibody, and photos were taken
under observation with an Axioplan microscope (Carl Zeiss). Scale bars,
50 m. M-phase cells are visualized by the staining with anti-phospho
Histone H3 antibody (E–H). Frozen sections of control (E, G) or zAcry-
DTA-expressing (F, H) embryos at 36 hpf were immunostained with
anti-phospho Histone H3. Signals are visualized by using an ABC kit. (E,
G) and (F, H) are different magnified pictures of different samples. Scale
bars, 50 m.
Fig. 8. Apoptosis of DTA-expressing embryos. In situ TUNEL analysis
was done by using central, transverse frozen sections of zebrafish embry-
onic eyes. DTA-expressing or control embryos at 36 and 54 hpf were
embedded in OCT compound and frozen sectioned. FITC conjugate–
dUTP-labeled cells were visualized with anti-FITC-horseradish peroxidase
conjugate antibody and DAB. Samples were examined under Normarsky
microscopy (Axioplan; Carl Zeiss). Scale bars, 50 m.
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loss of the transgenic cells (Kaur et al., 1989). Thus, we
speculated that the relatively milder phenotype of our ze-
brafish than that observed in DTA-transgenic mice may be
caused by the mosaic expression of DTA in lens by transient
expression. It is notable that none of the differentiated
fibrous cells was observed in zebrafish. From this analysis,
we have revealed non-cell-autonomous differentiation of
lens cells.
In accordance with our results, the central role for the
lens in fish eye development was elegantly demonstrated in
the blind cave fish (Yamamoto and Jeffery, 2000). In this
fish, the lens fiber cells begin to elongate and synthesize
crystallin mRNAs, but they do not terminally differentiate
into fibers, but rather undergo extensive apoptosis (Jeffery,
2001). The cornea and iris are rudimentary, and neural
retinal layers are disorganized. This timing of lens degen-
eration is similar to that in our zAcry-DTA-expressing
embryos, as A-crystallin expression begins at about 25
hpf, which corresponds to the starting of elongation of lens
fiber cells. The observation that transplantation of a surface-
fish lens into a cave-fish optic cup rescued the eye devel-
opment suggested the essential role of the lens in retinal
survival and differentiation. These findings, coupled with
results presented from our study, strongly support the idea
that the lens plays a critical role during many phases of
teleost retina development.
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